The performance and efficiency of AlGaN ultraviolet light-emitting diodes have been limited by the extremely low light-extraction efficiency (LEE) due to the intrinsic material properties of AlGaN. Here, to enhance the LEE of the device, we demonstrate an AlGaN nanowire light-emitting diode (NW-LED) integrated with nitride/air distributed Bragg reflector (DBR) nanogratings. Compared to a control device (only mesa), the AlGaN NW-LED with the nitride/air DBR nanogratings exhibits enhancement in the light output power and external quantum efficiency (EQE) by a factor of ∼1.67. The higher light output power and EQE are attributed mainly to the multiple reflectances laterally for the transverse magnetic (TM)-polarized light and scattering introduced by the nanogratings. To further understand the LEE enhancement, the electrical field distribution, extraction ratio, and polar pattern of the AlGaN NW-LED with and without the nitride/air DBR nanogratings were analyzed using the finite-difference time-domain method. It was observed that the TM-field emission was confined and scattered upward, whereas the polar pattern was intensified for the AlGaN NW-LED with the nanogratings. Our approach to enhance the LEE via the nitride/air DBR nanogratings can provide a promising route for increasing the efficiency of AlGaN-based LEDs, also, to functioning as facet mirror for AlGaN-based laser diodes.
Introduction
AlGaN-based light-emitting diodes (LEDs) are promising technology for ultraviolet (UV) to deepultraviolet (DUV) light source for applications such as solar-blind free-space communication, lithographic microfabrication, biochemical-sensing, air/water purification, surface/food sterilization, UV curing, and medical diagnostics [1] . Several devices have shown external quantum efficiency (EQE) of 10-12% [1] - [3] . However, further improvement is required to realize the above applications. Basically, the EQE of a LED is the product of the internal quantum efficiency (IQE) and light-extraction efficiency (LEE) [1] , [3] , [4] . Both efficiencies are important to be optimized for obtaining AlGaN LEDs with high EQE. While the IQE has been improved recently up to 60% by improving the crystalline quality [2] , the LEE is still lacking (<10%) [1] , [5] , [6] due to the limitations such as high absorption of the p-GaN contact layer [7] , anisotropic optical polarization properties of the AlGaN material especially for high Al composition [8] - [10] , low reflectivity of the metal contacts at the UV regime [11] , [12] , and high absorption of the encapsulation packaging material [2] , [4] .
Several efforts have been demonstrated to increase the LEE of AlGaN LEDs using advanced light extraction techniques such as UV transparent contact layer [6] , [13] , [14] , surface roughening/ texturing [15] - [17] , patterned sapphire substrate [18] , [19] , integrating micro-/hemispherical lenses on the sapphire substrate [4] , [20] , reflective metal electrodes [6] , [12] , [21] , reflective scattering structure (RSS) [22] , anti-reflective coating [23] , nanowires/nanorods [24] , [25] , photonic crystals [26] - [28] , surface plasmonics [29] , sidewall emission enhancement (SEE) [30] , [31] , nanostructured AlN substrate [32] , [33] , micro/nano-pixel LEDs [12] , [34] , and encapsulation using UV transparent materials [2] , [5] , [6] . However, most of these techniques were less effective for the AlGaN LEDs because it only enhanced the light-extraction for the transverse electric (TE)-polarized light. The uniqueness of the anisotropic optical polarization properties of the AlGaN material allowed the light emission as either TE-or transverse magnetic (TM)-mode from the c-plane of the AlGaN structure. The TE-mode (electrical field, Ec-axis) propagates in the out-of-plane direction whereas the TM-mode (Eࢱc-axis) propagates in the in-plane direction. The TM-mode starts to dominate in AlGaN LED as the Al composition increased towards the DUV wavelengths [8] - [10] . As such, more TM-polarized light is trapped in the device laterally (the trapped light will eventually be absorbed) rather than being emitted out because the escape cone of the LED is typically in the out-of-plane direction. Among the light-extraction techniques mentioned above, only the SEE [30] , [31] , nanowires/nanorods [24] , [25] , micro/nano-pixel LEDs [12] , [34] , and the RSS [22] , are considered attractive for AlGaN LEDs because these techniques enhanced the emission of TMpolarized light. However, these techniques (except for the nanowires/nanorods) utilized Al metallic layer which is not perfectly reflective (85-92% reflectivity, R) at the UV wavelengths and not forming effective ohmic contacts with p-GaN contact layer [11] , [12] , [21] . Moreover, the reflectivity of the Al reduced significantly (R<20%) at the DUV wavelengths upon annealing [21] . Also, the SEE technique required the regrowth of GaN structure which further complicates the device processing [30] . Although AlGaN-based nanowires/nanorods have shown to enhance the TM-polarized light [24] , [25] by scattering effect, these nanostructures can also absorb more light due to the inhomogeneity.
Here, to enhance the LEE of the device, we demonstrate an AlGaN nanowires light-emitting diode (NWs-LED) integrated with nitride/air Distributed Bragg Reflector (DBR) nanogratings. The DBR is a mirror structure composed of multiple periods of an alternating high-and low-refractive index (RI) layers, and can be designed to be highly reflective (R>99%). These DBR nanogratings were patterned using gas-assisted focused-ion beam (GAFIB) technique which acts as a reflector for the in-plane light propagation (TM-polarized light). We show that by having the nitride/air DBR nanogratings as the light-extractor, the light output power and EQE for the AlGaN NWs-LED improved by a factor of ∼1.67. We also analyze theoretically the electric field distribution, extraction ratio and polar pattern of the device using the finite-difference-time-domain (FDTD) method.
Device Structure and Fabrication
The AlGaN NWs were grown by plasma-assisted molecular beam epitaxy technique on a Si substrate. The growth details and the material characterizations are described elsewhere [35] . Briefly, from bottom-up, the NWs-LED epistructure were composed of a 100 nm thick GaN buffer layer, a 20 nm thick Si-doped n-Al 2 ) with the nitride/air DBR nanogratings (inset) patterned on all sides. After performing the device characterizations, the same device was etched by GAFIB etching to form a control device (with mesa only) as shown in Fig. 1(b) . The nitride/air DBR nanogratings were etched completely as exhibited in the inset of Fig. 1(b) . By using the same device for comparison, any argument on the NWs inhomogeneity is avoided.
DBR Nanogratings Patterning
To form the nitride/air DBR nanogratings, we determined the effective refractive index (n eff ) of the AlGaN NWs using the spectroscopic ellipsometry (SE) technique. Since the wavelength of interest is within the UV regime, we used a phase modulated SE where the signals detected were in the form of harmonics that can be extracted to determine the ellipsometric angles as a function of energy [37] . Fig. 2(a) shows the wavelength-dependent n eff spectra for the AlGaN NWs, indicating n eff of 2.371 at the emission wavelength of the LED which is ∼343 nm. Although we used 343 nm wavelength UVLED, the TM-polarization still exist strongly, i.e., 40-60% within the wavelength range of 320-350 nm [8] - [10] . Furthermore, our approach of using the nitride/air DBR nanogratings applies to any shorter wavelength AlGaN-based UV-LED. For validation of the measured n eff , we performed a theoretical calculation using the effective index method (EIM) and obtained a value of 2.384 ( Fig. 2(b) ). The measured n eff is slightly lower due to the existence of air-voids in between the AlGaN NWs. To obtain a quality etching profile for the nanogratings by controlling the etching aspect ratio to less than two, the DBR was designed as seventh-order gratings. Using the SE measured index, the widths (thickness) of the nitride and air corresponding to 7λ/4n eff = 253.16 nm and 7λ/4n air = 600.25 nm, respectively, with λ = 343 nm. From the transfer matrix method (TMM) calculation, using five pairs of the nitride/air DBR nanogratings, we obtained a R∼99.9% reflector as shown in Fig. 2(c) . The DBR stopband (R>90%) is ∼30 nm with the electroluminescence (EL) spectra of the AlGaN NWs-LED located centrally (Fig. 2(c) ). We then patterned the nitride/air DBR nanogratings at all device edges using the GAFIB etching with I 2 halide gaseous precursor. We demonstrated a high uniformity and periodicity of nanogratings patterning with nanoscale precision as shown in the SEM micrographs ( Fig. 2(d) ). Although the FIB etching throughput can be considered low, by using the chemical-assisted etching, the etch-rate for nitride material is enhanced by a factor of nine [38] . Recently, we have shown that the GAFIB technique can be used to pattern nanoscale structure with high uniformity and precision even for a material with air-voids such as hybrid perovskites [39] , [40] (similarity here where air-voids exist in between AlGaN NWs). Fig. 2(e) shows the 3D topography of the nitride/air DBR nanogratings measured using the atomic force microscopy (AFM), with the etch-depth ∼340 nm as indicated by the AFM line-scan (inset). The patterned nanogratings exhibit sidewall angle of ∼83-85°, which can result in lower reflectivity than the calculated R = 99.9% from the TMM calculation above which assumed a vertical sidewall (angle of 90°). It has been reported that the reflectivity reduced from 90% to 70% for a fifth-order nitride/air DBR gratings (at λ = 400 nm) with a sidewall angle of 85° [41] . Nevertheless, the reflectivity obtained by the nitride/air DBR nanogratings is still high compared to only nitride-air interface which is typically ∼17% reflective [42] , [43] .
Device Characteristics
For the device characteristics, the details of the experiment are described in our earlier work [35] , [36] . The EL spectra for the device with nitride/air DBR nanogratings and without nanogratings (control device) are shown in Fig. 3(a) and (b) , respectively. The AlGaN NWs-LED with the nanogratings exhibits stronger EL emission intensity by a factor of ∼1.69 (at 50 mA injected current) compared to the control device. As for the full-width-of-half-maximum (FWHM) from the EL spectra of the AlGaN NWs-LED with the nanogratings, the FWHM narrowed quickly reaching ∼12 nm as the injected current increased (Fig. 3(c) ). In comparison, the FWHM of the control device narrowed slowly and only demonstrated FWHM of ∼15 nm. Both EL spectra and FWHM results indicated that the light was emitted with higher intensity and exhibited a degree of light confinement when the nitride/air DBR nanogratings were integrated on the AlGaN NWs-LED. to 20 V for the L-I and I-V curves, respectively, to avoid device breakdown since the same device was completely etched later to function as the control device. The AlGaN NWs-LED with the nanogratings emitted higher light output power compared to the control device ( Fig. 3(d) ) above 15 mA injected current onwards. At an injected current of 50 mA (inset of Fig. 3(d) shows the device under electrical probing), the enhancement is by a factor of ∼1.67. For comparison, enhancement of light output power for improvement factors up to ∼1.35 and ∼1.61 were reported for AlGaN LEDs utilizing SEE [31] and nano-pixel [12] as the in-plane light-extraction techniques. The similarity in term of the trend for the I-V curve and the turn-on voltage (Fig. 3(e) ) indicate that the GAFIB etching does not introduce any significant surface damage or layer amorphization during the nanogratings patterning. The turn-on voltage for both devices (∼9.6 V) was consistent with our previous grown device on Si substrate [36] . Higher EQE was obtained for the device with the nanogratings (Fig. 3(f) ), resulted from the improvement of the LEE of the device. The enhancement of the light output power and EQE for the AlGaN NWs-LED with nitride/air DBR nanogratings can be attributed to two factors. First, the in-plane light emission (TM-mode) is experiencing multiple reflections from the nanogratings laterally. The back reflected light then coupled with the out-of-plane emission, thus enhancing the LEE of the device. The second factor is the non-vertical sidewall angle of the nanogratings (as shown in Fig. 2(e) from the AFM measurements) which typically occurs in etching process also helped to scatter the light towards the out-of-plane emission. To ensure the consistency and reliability of our results, we fabricated additional devices with the same device dimension. The device measurements show consistency for the enhancement of the light output power from ∼1.59 to 1.64. 
FDTD Simulation and Analysis
To further investigate the device analysis, we performed the FDTD calculation for the electric field distribution, extraction ratio, and polar pattern. Briefly, the FDTD calculates the differential forms of Maxwell's equations using specific boundary conditions for a given structure to obtain rigorous solutions for the electromagnetic wave propagation. Further details of this numerical method can be found in [44] and recent example of an application for AlGaN NWs can be referred in [45] . The schematic of FDTD modeling for our device is shown in Fig. 4(a) with the inset displays the RI profile with the nanogratings at one end. The RI for the AlGaN NWs and Si substrate were set as 2.371 and 5.275, respectively. We used ∼1150 dipole sources (emission wavelength and FWHM were set at 343 nm and 12 nm, correspondingly) across the active region layer to mimic the NWs (diameter of NW is ∼175-200 nm). These dipole sources were set with spatially incoherent unpolarized conditions, where the simulated radiation properties were averaged from three orthogonal orientations for each dipole to mimic the spontaneous emission of LED. The simulation domain is set as 220 μm × 1.5 μm with the non-uniform mesh being applied (the grid size was 10 nm in the bulk and 3 nm at the interface). The simulation domain was enclosed with perfectly matched layer (PML) boundary to absorb outgoing light without being reflected. Two monitors were used, i.e., surrounding the dipole sources to measure the electric field radiated, and on the surface (at λ distance) to measure the far-field generated, respectively. Fig. 4(b) shows the electric field distribution of the TM-mode. It shows that the nitride/air DBR nanogratings reflected most of the in-plane light emission and even introduced scattering effect for a vertical sidewall nanogratings. It has been shown that ∼3.5% of the propagated light is being scattered upward for a vertical sidewall fifth-order InP-based/air DBR gratings [46] . As for the control device, the inplane light emission only continues to propagate laterally. A theoretical extraction ratio (defined as the ratio of the emitted power from the surface to the emitted power from the active region) can be determined at the device surface. We found that the extraction ratio for the AlGaN NWs-LED with nitride/air DBR nanogratings increased by a factor of 1.49 at the wavelength of 343 nm compared to the control device (Fig. 4(c) ). This value is within the experiment which is around 1.42 to 1.67 depending on the injected current bias. Fig. 4(d) exhibits the calculated polar pattern (with 90°as the normal to the emission surface) for the AlGaN NWs-LED with nitride/air DBR nanogratings and the control device. The device with the nanogratings demonstrated enhancement and narrowing of the out-of-plane emission. It also exhibits improvement factor of ∼1.44 for the far-field (FF) intensity. Sideway angle emissions are pointing at approximately 50 and 130°also appeared due to the light being scattered from the nitride/air DBR nanogratings. Thus, the integration of nitride/air DBR nanogratings with the AlGaN NWs-LED indicates an enhancement in FF intensity and radiance.
Conclusion
In summary, an enhancement of LEE for AlGaN NWs-LED was demonstrated by integrating nitride/air DBR nanogratings at the edges of the device. The nanogratings were patterned with high uniformity and precision using the GAFIB technique. We observed an enhancement of light output power and the EQE by a factor of ∼1.67 compared to the control device. By implementing the nitride/air DBR nanogratings, the TM-field emission, extraction ratio and polar pattern of the AlGaN NWs-LED improved as discussed in the FDTD analysis. These device improvements were attributed mainly to the multiple reflectances laterally for the TM-polarized light and scattering introduced by the nanogratings. Besides improving the efficiencies (LEE and EQE) of the AlGaN LED, the nitride/air DBR nanogratings can also be applied to the facet of AlGaN based laser diodes to improvise the device performance.
